We develop a gallium arsenide (GaAs) photonic crystal nanocavity device capable of capturing and releasing a pulse of light by dynamic control of the Q factor through free carrier photoexcitation. Unlike silicon-based devices where the performance of this dynamic optical control is limited by absorption from free carriers with nanosecond-order lifetimes, the short carrier lifetime (∼ 7 ps) of our equivalent GaAs devices enables dynamic control with negligible absorption losses. We capture a 4 ps optical pulse by briefly cycling the Q factor from 40,000 to 7900 and back just as the light couples to the nanocavity and confirm that the captured energy can be subsequently released on demand by a second injection of free carriers. Demonstrating dynamic control with negligible loss in a GaAs nanophotonic device also opens the door to dynamic control of cavity quantum electrodynamics with potential application towards quantum information processing.
Introduction
Chip-based nanophotonic devices, such as 2D photonic crystals (PCs), can confine light to within wavelength-order dimensions with extremely low loss [1] [2] [3] [4] [5] . As the photon lifetime or group delay in silicon-based photonic devices has become longer, there have been several efforts to dynamically change their properties while interacting with light in order to realize novel concepts of adaptive bandwidth and adiabatic transition [6] [7] [8] [9] . These concepts have led to demonstrations of catch and release of pulses [10] [11] [12] , wavelength conversion [13] [14] [15] , optical switching [16] and the manipulation of strongly coupled states [17] . These rapid changes of the device's refractive index are performed by photo-excitation of free carriers using short optical pulses, which change the plasma frequency and thus the refractive index of the medium [18] . As free carriers are excited extremely quickly and have nanosecond order lifetimes in silicon slabs, this produces a rapid change of index that can then thereafter be approximated as constant 
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Hetero-interface Control pulse Fig. 1 . a) Schematic of interference-based dynamic Q control using photo-excited freecarriers and thermal tuning. b) When the free carrier lifetime is long, initially the in-plane Q is set to be low, then is increased by free carriers, thus carrier losses are a factor throughout the high Q capture state. c) If the free carrier lifetime is short, an initially high Q system could be lowered by free carriers briefly then return to the high Q state, limiting carrier losses to only a short window when Q was low.
unless the photon interaction time approaches the carrier lifetime. Therefore, this method can 'turn on' the desired dynamic change. Unfortunately, the excitation of free carriers also 'turns on' loss due to free carrier absorption, which persists throughout the storage or transfer of light. While such losses can be mitigated by spatially isolating the carrier injected region from the light storing region [10, 12] , carrier losses remain the limiting factor on many such systems [11] . The electrical injection of carriers into photonic crystals by p-i-n junction [19] can also achieve dynamic control over photons provided the interaction time is long enough (on the order of nanoseconds). However, the same carrier absorption problem persists for these devices as well.
Clearly there is need for a dynamic control technique that preserves the concept of changing refractive index within the photon-device interaction time while suppressing the impact of carrier absorption. Beyond the applications described above, this would permit dynamic control at the single photon regime, enabling systems for solid-state photonic quantum computation [20] . In this work, we investigate dynamic control by a 'momentary' refractive index change, where a short duration refractive index change is utilized to efficiently capture a signal pulse in a nanocavity. A material with very short carrier lifetime excited by a short light pulse can realize this by temporally increasing the coupling bandwidth at the instance of signal pulse arrival while suppressing the impact of carrier absorption to negligible levels during the following storage time.
2. Controlling Q with short-lived carriers Consider a photonic crystal nanocavity device used to demonstrate dynamic control over the total Q factor (Q Total ) (schematic in Fig. 1(a) ) by manipulating the phase difference (θ ) between the two optical paths by which light couples back from the nanocavity into the waveguide according to
where Q in and Q v quantify the coupling between the nanocavity and the waveguide in the absence of any interference and the coupling between the nanocavity and to out of plane free space modes, respectively [7] . Control of the Q factor through θ is achieved as follows: the initial Q condition is thermally tuned by a GaN continuous laser source (405 nm) shone onto the waveguide between the nanocavity and the heterointerface, while dynamic changes are achieved by rapid photo-excitation of free carriers in the same waveguide region by a 4 ps control pulse (775 nm). When properly timed, this control pulse can dynamically adjust the cavity Q factor such that a 4 ps signal pulse (1550 nm) can couple easily into the nanocavity in the low Q state and then be held there in the high Q state [7, 9, 10] . In silicon, where the carrier lifetime is long ( Fig. 1(b) ), the system initially has a low Q, then carriers are photo-excited by the control pulse to increase the Q factor through interference just as the signal pulse enters the nanocavity. Light that coupled to the nanocavity in the low Q state is suddenly captured in the high Q state, but is also subject to absorption. We propose instead beginning with the system in a high Q state ( Fig. 1(c) ) and quickly decreasing the Q factor for only as long as necessary to couple the signal pulse to the nanocavity, then having the system rapidly return to the initial high Q state as the carriers rapidly decay. The dynamic event would lower Q rather then increase it and carrier absorption would only occur during the short-lived low Q condition.
To realize this functionality, we considered materials with short carrier lifetimes that could be used as a medium for our 2D PC slab dynamic Q design. Gallium Arsenide (GaAs) is a sound medium for 2D slab PCs [21] with an established fabrication process. Moreover, the integration of quantum dots to produce cavity quantum electrodynamic systems [22] [23] [24] could lead to photonic quantum computation [20] . GaAs can have a significantly higher surface recombination rate for excited carriers than silicon. While the carrier recombination rate at the surface of silicon is only ∼ 10 4 cm/s [25] for the carrier densities of 10 17 − 10 18 cm −3 excited by our dynamic control system, GaAs has a recombination rate of ∼ 10 6 cm/s at similar densities [26] . Given the high surface to volume ratio of 2D PC membranes, the higher surface recombination rate should markedly reduce the lifetime of excited carriers, and could provide the short-lived temporal control desired. Furthermore, as the Q factor has been shown to manipulate the emission of quantum dots coupled to a PC nanocavity [27] , this could also lead to incorporating dynamic Q control into cavity quantum electrodynamics.
Sample fabrication
Transferring this PC design from Si to GaAs is straightforward as the refractive index of GaAs at 1550 nm is 3.4, very close to that of silicon. The direct electronic bandgap of GaAs is of similar magnitude to the indirect band gap of silicon (1.4 eV and 1.1 eV, respectively), suggest-ing that the same 775 nm pulse laser and 405 nm continuous laser will still be effective for dynamic and static control.
The sample substrates were fabricated by molecular beam epitaxy and consist of 250 nm of GaAs on a 1000 nm Aluminium Gallium Arsenide sacrificial layer (Al 0.7 Ga 0.3 As ) above a thick GaAs substrate. The PC pattern was written on a coat of resist by electron beam lithography, then transferred to the GaAs thin film using Hydrogen Iodide and Xenon plasma [28] . The base was polished to thin the total sample to 150 ∼ 200 µm then cleaved. Finally the sacrificial layer was undercut by a Hydrochloric acid wet etch. GaAs is less rigid than silicon and the surface stresses on the air-suspended samples led to the PC region frequently bowing or breaking. To relieve strain on the device, slits were etched around along the PC boundaries. Figure 2(a) shows the PC device bordered by slits to prevent surface strain from damaging the suspended device. 4. Dyamic Q control in a GaAs PC To characterize the dynamic Q range, a GaN continuous laser source (405 nm) was shone onto the waveguide between the nanocavity and heterointerface in order to confirm that the Q factor's initial condition could be thermally tuned. The vertically emitted spectrum from the cavity as a function of GaN power (Fig. 2(b) ) exhibits the representative cyclical change of Q for this device and suggests a Q factor range from 4000 to beyond 12,000 for this particular sample. The resonance wavelength also changes cyclically with the phase difference [3, 27] . Using a sample of similar design but with resonant wavelength closer to 1550 nm, we set θ to π (Q high) by thermal tuning, then performed pump-probe measurements to catch a signal pulse (4 ps, 1557 nm, spectral width 1.1 nm) within the cavity. A control pulse (4 ps, 778nm) was set to a pulse energy of 30 pJ to produce a phase shift of ∼ π with the intention of lowering Q to permit photons to enter the cavity and then be held there as the free carriers quickly decayed. The time-integrated vertical emission from the cavity as a function of the relative pulse timing is shown in Fig. 3(a) . When the control pulse was early or late relative to the signal pulse, the amount of light observed vertically escaping the cavity was small, while simultaneous arrival produced a pronounced increase of the vertical emission. The decay of the vertical emission peak as the signal pulse is delayed confirms that the low Q state is short-lived after pump pulse irradiation. Coupled mode theory simulations of the device were fitted to this response (blue curve), suggesting the carrier lifetime in the device was ∼ 7 ps, almost 3 orders of magnitude faster than that the 1.6 ns observed in silicon [11] and short enough to capture photons dynamically in the cavity with this alternative dynamic Q approach. Fig. 3 . a) Nanocavity vertical emission response to pump-probe measurements with signal and control pulses. The spike and rapid drop-off of the emission indicates that by lowering Q the carriers improve the signal coupling to the cavity and that their short (7 ps) lifetime allow the cavity to quickly return to its high Q value. b) Emission spectra for different Q conditions suggest that the signal pulse is better captured by the well-timed, rapid lowering of Q than in the static high or low state.
To confirm that this increase in vertical emission was indeed caused by dynamic Q control, we measured the spectrum of the signal pulse being vertically emitted from the nano cavity under various conditions (Fig. 3(b) . When the Q value was thermally set to be static and low (black), Q value was estimated from the vertical emission to be ∼ 2200. When Q was tuned to a high value and the control pulse was absent (blue), the resonant wavelength shifted and the peak appeared to narrow, though it was difficult to measure the high Q. When the control pulse is correctly timed to capture the signal pulse in the nanocavity(red), the vertical emission increased significantly, with Q reaching 11, 100. This suggests that the 4 ps signal pulse is captured in the cavity by the dynamic Q factor control and its 1.1 nm spectral width is adiabatically compressed to 0.14 nm.
Having established that pulse capture could be performed with a short carrier lifetime, we turned to time-resolved measurements of the cavity energy behaviour to examine the capture state more closely and to investigate the consequent impact of carrier losses. We employed a homodyne system [10] to take time-resolved measurements of the cavity vertical emission and consequently the evolution of the cavity energy. These experiments were performed with a sample of the same design as shown in Fig. 2(a) , however additional precautions were taken to limit the oxidation of the sample, such as flushing the device with N 2 gas during characterisation. Figure 4(a) shows time-resolved measurements of the device taken when thermo-optically tuned to a static low Q (red), high Q (blue) and when dynamically changing to execute pulse capture (black). These results provide a compelling demonstration of successful pulse capture by dynamic Q control. Under the static high Q state, little of the pulse can effectively couple to the cavity mode because of spectral mismatch, but the light exhibits a long photon lifetime of 33 ps (Q=40, 000). Conversely, the static low Q state shows much better coupling to the cavity mode because its 6.5 ps photon lifetime (Q=7900) is better matched to the 4 ps signal pulse, but the light escapes the cavity just as easily. By dynamically lowering the Q factor from 40, 000 to 7900 briefly, we combine the advantages of both static states: The coupling efficiency of the low Q state and the long cavity lifetime of the high Q state. The relative magnitudes of the vertical emission signifies that four times more signal pulse energy is captured in the dynamic Q case than in the static, high Q case. The small, initial drop in emission in the dynamic catch caseis entirely due to the roundtrip time of the light to travel to the hetero-interface and back to establish the capture condition (∼ 10 ps) and is unrelated to absorption [10] . Within this time, the free carriers have decayed to the point that absorption cannot be detected, as made evident by the photon lifetime being identical to the static, high Q case. Next we ensure that even with this short carrier lifetime, captured light can also be subsequently released. Provided the Q factor can be dynamically lowered far enough to have light couple out of the cavity faster than the 7 ps carrier lifetime, dynamic release on demand should also be possible. We confirm this in Fig. 4(b) by applying a second control pulse to captured light to lower Q again at various times, which releases the energy held in the cavity back into the waveguide. These time-resolved measurements of pulse catch and release in the PC nanocavity are equivalent to those demonstrated in silicon-based structures [10, 11] with the notable absence of free carrier absorption limiting the Q factor, and thus photon lifetime in the cavity, during pulse capture.
Summary
In conclusion, we have developed a method for dynamically capturing light in a PC nanocavity using the photo-excitation of short-lived free carriers and experimentally demonstrated its success in GaAs based 2D PCs with carrier lifetimes of only 7 ps. Optical characterization shows that a device's initial conditions can be thermally tuned to a high Q condition (at least 40,000) then temporarily lowered just long enough to capture a 4 ps optical pulse for as long as 33 ps. The short-lived carriers remove the limitation of carrier absorption suffered by silicon-based dynamic optical nanostructures. Carriers can be excited to briefly lower the Q factor for optimal coupling of an input pulse then quickly decay to returns to maximum Q without measurable losses. Unlike silicon devices that are limited by absorption and the long carrier lifetime, in equivalent GaAs-based devices only the maximum achievable Q factor dictates how long light can be dynamically held before release on demand. Improving the performance of these GaAs-based dynamic Q factor PC devices must involve the incorporation of higher Q nano cavities and the capability to directly observe the light dynamically released from the system. Exploiting short-lived carriers removes a major performance limitation for dynamic nanophotonics devices. Furthermore, its demonstration in GaAs PCs could enable dynamic control of nancavities coupled to quantum dots, bringing dynamic control with minimal losses to cavity quantum electrodynamics for potential application to quantum information processing.
